Alterations in processing of emotionally salient information have been reported in individuals with major depressive disorder (MDD). Evidence suggests a role for noradrenaline in the regulation of a cortico-limbic-striatal circuit that has also been implicated in the pathophysiology of MDD. Herein, we studied the physiological consequences of a common coding polymorphism of the gene for the a 2C -adrenoreceptor (AR) subtypeFthe deletion of four consecutive amino acids at codons 322-325 of the a2C-AR (a2CDel322-325-AR) in medication-free, remitted individuals with MDD (rMDD), and healthy control subjects. After injection of 10 mCi of H 2 15 O, positron emission tomography (PET) measures of neural activity were acquired while subjects were viewing unmasked sad, happy, and fearful faces. The neural responses to sad facial expressions were increased in the amygdala and decreased in the left ventral striatum in rMDD patients relative to healthy control subjects. Furthermore, we report that rMDD carriers of one or two copies of the a2CDel322-325-AR exhibit greater amygdala as well as pregenual and subgenual anterior cingulate gyrus neuronal activity in response to sad faces than healthy a2CDel322-325-AR carriers and rMDD noncarriers. These results suggest that the a2CDel322-325-AR confers a change in brain function implicating this a2-AR subtype into the pathophysiology of MDD.
INTRODUCTION
Major depressive disorder (MDD) is a complex disorder and the neurobiological basis of MDD is not fully understood. There is increasing attention to the role of noradrenaline for both the pathogenesis and treatment of MDD. Noradrenergic mechanisms were the first to be studied intensively in MDD (Schildkraut, 1965) . Early studies reported elevations in the plasma (Barnes et al, 1983; de Villiers et al, 1987; Louis et al, 1975; Roy et al, 1988 Roy et al, , 1985 Rudorfer et al, 1985; Wyatt et al, 1971) , urine (Maas et al, 1987) , and cerebrospinal fluid (CSF) (Wong et al, 2000) noradrenaline levels. Noradrenaline kinetic analyses revealed an increased rate of noradrenaline appearance in the extravascular and vascular compartments in MDD patients, but similar rates of noradrenaline clearance in depressed patients and controls (Veith et al, 1994) . This argues for increased peripheral sympathoneural activity in MDD and is consistent with the hypothesis that presynaptic control of noradrenaline release may be impaired in at least a subgroup of patients with MDD.
The hypothesis that central noradrenaline function is increased in a subgroup of MDD patients is supported by the clinical and biochemical resemblance between the symptom complex of MDD and consequences of increased central noradrenaline function. Both are characterized by arousal, fear-related behaviors, changes in feeding, grooming and sleeping, and changes in cognition. In addition, because stimulation of a 1 and a 2 adrenoreceptors (AR) plays major roles in modulating limbic-hypothalamic-pituitaryadrenal axis responses during stress (Calogero et al, 1988; Ma and Morilak, 2005) , the hypercortisolism commonly found in MDD conceivably may be related to altered noradrenaline regulation in cortico-limbic circuits in MDD. Post-mortem studies in MDD, however (Ordway et al, 2003; Callado et al, 1998) , have reported alterations in a 2 -ARs resulting in a deficiency of noradrenaline in MDD.
In MDD patients, functional imaging studies show increased activity of a distributed neural system involving prefrontal cortical, striatal, and limbic structures in currently depressed subjects at rest and during task performance (Drevets, 1998; Mayberg et al, 1999) and a positive correlation between depression severity and amygdala metabolism (Abercrombie et al, 1996; Drevets et al, 1992) . Studies comparing neural responses to emotionally expressive faces found that the hemodynamic responses of the amygdala were increased when viewing sad faces vs neutral faces or vs fixation point baseline (Fu et al, 2004; Surguladze et al, 2005) in depressives relative to controls. In contrast, hemodynamic responses of the amygdala decreased to fearful faces vs neutral faces in depressed adults relative to controls and to fearful faces vs fixation point baseline in depressed children relative to controls (Thomas et al, 2001) . However, left amygdala responses were reportedly increased in depressives vs controls when hemodynamic activity measured during exposure to fearful and happy faces presented using a backward masking technique (so that subjects were unaware of having seen the emotional faces) was compared with activity during fixation point baseline (Sheline et al, 2001) . Notably, the abnormally increased amygdalar responsivity to negatively valenced faces in depressed subjects was attenuated by antidepressant drug treatment (Sheline et al, 2001; Fu et al, 2004) .
Furthermore, during a spontaneous episode of MDD, enhanced responses to negative emotional stimuli were shown within the rostral anterior cingulate cortex and orbitofrontal cortex (Elliott et al, 2002; Phillips et al, 2003) . There is evidence that these altered neural responses to emotional stimuli persist beyond the symptomatic phase of the illness, suggesting they may represent a trait-like characteristics for MDD (Liotti et al, 2002) . A major limitation of previous investigations in MDD for identifying a primary noradrenergic neural circuit related to high risk for MDD was that in most studies patients were studied while symptomatically depressed and on antidepressant medication. The present study aimed to avoid these confounds by including medication-free, fully remitted patients with MDD who were exposed to sad, happy, and fearful facial expressions.
Based upon the compelling evidence that enhanced noradrenaline release may play an important role in the pathogenesis of MDD, and particularly that noradrenaline affects functions of a cortico-limbic circuit, which has been implicated in the pathophysiology of MDD, an obvious next step of investigation is to determine whether noradrenaline related genes that regulate brain noradrenaline function account for the very robust differential neural responses to emotional valenced stimuli in MDD patients relative to healthy controls. We have studied one potentially important mechanism, a genetic variant of the a 2C -adrenoreceptor (AR) subtype, designated a 2C Del322-325-AR, which leads to increased noradrenaline release in healthy people who carry this genetic variant (Neumeister et al, 2005) . Reported frequencies of this genetic variant are 44% in African Americans, and 4% in Caucasian control populations (Feng et al, 2001) . Two studies, one from the National Institute of Mental Health and the other from Yale University School of Medicine (unpublished data) show that European-American patients with MDD carry at least one copy of the a 2C Del322-325-AR more often compared to healthy controls.
We predicted increased activity to sad and fearful, relative to happy facial expressions in a cortico-limbic-striatal circuit in patients with MDD relative to controls. Moreover, testing the hypothesis that the a 2C Del322-325 polymorphism confers a change in brain function, we predicted that these differences will be most pronounced in MDD carriers of the a 2C Del322-325 polymorphism.
PATIENTS AND METHODS
In total, 27 (18 women, age 39.7712.8 years; 23 European Americans, four African Americans) remitted (Hamilton Depression Rating Scale (HDRS, 24-item) score: 0.770.9), unmedicated patients with a diagnosis of MDD on the basis of the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, nonpatient version (First et al, 1996) , and 26 healthy controls (17 women, age 34.2711.2 years; 15 European Americans, one Asian, nine African Americans, one Hispanic; HDRS score: 0.570.8) were included in the study. Durations of the depressive illness and number of episodes were estimated from the Past History of MDD addendum to the SCID. Remission was defined as a period of at least 3 months during which the subject did not take an antidepressant agent and with HDRS scores in the nondepressed range (o8) (Frank et al, 1991) . Patients with MDD were remitted for 40.4748.4 months, and had been off antidepressant medications for 39.1744.3 months at the time of their study. Information about family history of mental illness (axis I diagnoses) was obtained from the study participants for all first degree relatives using the Family Interview of Genetic Studies (Maxwell, 1992) . Controls had no personal or family (first-degree relatives) history of psychiatric disorders. No use of medication was allowed within the 3 weeks prior to scanning. Participants were free of medical illness on the basis of history and results of physical examination, electrocardiogram, and laboratory tests, including liver and kidney function tests, hematologic profile, thyroid function tests, urinanalysis, and toxicology. Pregnant and nursing women were excluded. Premenopausal women were studied during the follicular phase of the menstrual cycle. At the time of screening, written informed consent was obtained as approved by the NIMH Institutional Review Board from all subjects after full explanation of the purpose of the study and the study procedures.
Genotyping
On the screening day, a blood sample was collected for genotyping the a 2C -AR subtype. The investigators were blinded regarding the genetic status of the subjects and results of genotyping were not shared with the study a 2C -Adrenoreceptor gene polymorphism and depression A Neumeister et al participants. a 2C Del322-325-AR genotyping was performed by DNA fragment analysis on a capillary sequencer (ABI 3100) and genotypes were generated using Genotyper software on the device (ABI, Foster City, CA). Primer and probe sequences for the a 2C -AR polymorphism are as follows: forward primer (HEX) ¼ AGACGGACGAGAGCA GCGCA and reverse primer (ABD Tail) ¼ AGGCCTCGCGGC AGATGCCGTACA. The a 2C Del322-325-AR 20 ml reaction volume contained 100 ng genomic DNA, but 4 ml 5 Â Buffer A (Invitrogen), 20 ng of each primer; 0.8 mM dNTPs (ABI); 0.5 ml Platinum Taq Polymerase (Invitrogen); and 2 ml DMSO. a 2C Del322-325-AR was amplified by a 4 min hot start at 941C followed by 35 cycles of 30 s at 941C, 30 s at the optimal annealing temperature (651C), 30 s at 721C for elongation and a final 7 min elongation at 721C. PCR was carried out with an ABI 9700. Error rate was o0.005 and genotype completion rate was 0.99.
Procedure
All subjects participated in one positron emission tomography (PET) scanning session. During this session, greyscale, static face picture stimuli taken from a standard set of pictures of facial affect (Ekman and Friesen, 1976) were presented. Because we were only interested in determining the responses to a block of emotionally expressive faces that were of a single emotion, within an individual scan all face stimuli shown over a period of 70 s were of the same emotional valence and intensity. The order of presentation of sad, happy, and fearful faces was randomly chosen. Previous studies have shown that neural responses to emotional stimuli depend of the nature of the task performed. The task instructions were the same for all scans, as subjects were asked to indicate the gender of each face by pressing the left button on a two-button fiberoptic key pad for male and the right for female. The face stimuli were displayed at 1/s on a Macintosh computer monitor using Super Labt software. This frequency was selected because it permitted adequate time to assign gender, and the short stimulus duration minimized the likelihood of scanning eye movements. Eye movement was not evident during random checks during stimulus presentation, as at the 1/s rate of stimulus presentation the experimental subject's eyes remained fixed on the pictured subject's eyes and did not scan the faces. Performance accuracy for assigning the correct gender to the presented faces was obtained from a computer log file that recorded key pad responses. In the gender-classification task, subjects in all groups identified correctly 90-100% of the time.
Potential changes in emotional state in response to the face stimuli were assessed by comparing changes in the heart rate recorded with an electrocardiogram, and changes in subjective ratings of the intensity and quality of the emotional experience measured using 10 point analog scales to rate anxiety, sadness and happiness. The remitted MDD (rMDD) patients did not differ from healthy control subjects on either measure.
Image Acquisition and Analysis
Magnetic resonance images (MRI) were obtained for each subject using a GE Signa Scanner (3.0 T) and a 3D MPRAGE sequence (TE ¼ 2.982 ms, TR ¼ 7.5 ms, inversion time ¼ 725 ms, voxel size ¼ 0.9 Â 0.9 Â 1.2 mm 3 ) to provide an anatomical framework for analysis of the PET image data and morphological characterization so that subjects with anatomical abnormalities could be excluded.
PET scans were acquired using a GE Advance (35 contiguous slices with 4.25 mm plane separation; 3D resolution ¼ 6-7 mm FWHM, 3D acquisition mode) PET scanner. A transmission scan was obtained to perform measured attenuation correction of the emission scans. Subsequently, four cerebral blood flow (CBF) scans were acquired at an 8 min inter-scan interval using bolus injection of 10 mCi of H 2 15 O. Stimulus presentation was initiated approximately 5 s after the start of the emission scan to minimize the amount of habituation that may occur prior to the arrival of the 15 O bolus to the head (the fixation point CBF scan that precedes the experimental scans permitted estimation of the lag time between H 2 15 O injection and the rise in radioactive counts from the head). Stimulus exposure was about 5 s longer than the PET scan.
The data were analyzed using MRI-based region of interest (ROI) analysis using MEDx software (Sensor Systems, Sterling, VA). The global activity was measured using an MRI-based template. ROI selection was both theory and data-driven. The number of regions was intentionally limited to regions that have been commonly associated with MDD in functional imaging studies at rest and in response to emotive stimuli during both, a spontaneous episode of MDD and in remission. ROI included the amygdala, hippocampus, orbitofrontal cortex, subgenual, and pregenual anterior cingulate gyrus, and the ventral striatum. These regions were placed on each subject's registered MRI scan. A binary mask of the gray matter was then used to ensure that only gray matter pixels were included in the analysis. Regions were then transferred to the coregistered PET images, and rCBF was obtained for each ROI. The whole brain measure was used to normalize the regional measures.
Statistical Analysis
A full factorial repeated measures MANOVA was used to examine the whole brain normalized O-15 data for six ROIsFamygdala, hippocampus, subgenual anterior cingulate gyrus, pregenual anterior cingulate gyrus, orbital frontal cortex, and ventral striatum. The model included group (rMDD vs controls) and genotype (noncarriers vs homozygous and heterozygous carriers of the a 2C Del322-325-AR) as between-subject factors and emotion (sad, happy, fear) and side (left vs right hemisphere) as withinsubjects factors. Significant multivariate tests (ie Pillai's trace) were followed by separate ANOVAs for each ROI using the same factors as the MANOVA.
The Shapiro-Wilk's test was used to evaluate the normality of the distribution of each outcome variable and Mauchly's test was used to examine sphericity. When nonsphericity of the data was evident, the GreenhouseGeisser adjustment was applied. Significant interactions and omnibus main effects were followed by Bonferroni corrected simple effects tests. Significance was interpreted at po0.05, two-tailed. 
Group Effects
The ANOVAs showed that patients with rMDD differed in their neural responses to emotional stimuli compared to controls in the amygdala (emotion Â group interaction: F(2,98) ¼ 4.40, p ¼ 0.015) and the subgenual anterior cingulate gyrus (emotion Â group interaction: F(2,98) ¼ 6.50, p ¼ 0.002). An additional effect of side was found for the ventral striatum (emotion Â group Â side interaction: F(2,98) ¼ 3.20, p ¼ 0.045). In the amygdala (t ¼ 2.75, df ¼ 49, p ¼ 0.047), rMDD patients showed exaggerated responses to sad faces compared to healthy control subjects (Figure 1 ). In contrast, rMDD subjects compared to healthy controls showed blunted left ventral striatum (t ¼ 3.36, df ¼ 49, p ¼ 0.002) responses to sad faces (Figure 1) . No betweengroup differences in neural responses to happy or fearful faces were found in these two regions. In the subgenual anterior cingulate gyrus, but not the amygdala or the ventral striatum healthy controls, showed higher activation to fearful vs sad faces (t ¼ 2.78, df ¼ 22, p ¼ 0.030) and fearful vs happy faces (t ¼ 3.00, df ¼ 22, p ¼ 0.016). No significant differences in activation in any of the aforementioned regions between any of the three emotional facial expressions were found in the MDD patients.
Gene-Group Interactions
The evaluation of an effect of the a 2C Del322-325-AR on processing of emotionally salient material in patients with (Figure 2 ). In response to happy and fearful faces, amygdala activation did not differ between MDD patients and controls in any genotype group. Healthy a 2C Del322-325-AR carriers (but not healthy noncarriers) and rMDD patients in any genotype group showed higher amygdala activation to sad faces relative to happy faces (t ¼ 2.80, df ¼ 22, p ¼ 0.024) and blunted amygdala activation in response to fearful faces relative to happy faces (t ¼ 2.88, df ¼ 22, p ¼ 0.020). Healthy noncarriers showed higher subgenual anterior cingulate gyrus activation in response to fearful faces than rMDD noncarriers (t ¼ 2.73, df ¼ 49, p ¼ 0.038).
DISCUSSION
The role of cortico-limbic-striatal circuits in the response to emotionally salient stimuli has been previously highlighted, with specific patterns of functional abnormalities within these regions reported in MDD patients during a spontaneous episode of depression (Phillips et al, 2003) . We aimed to examine whether these abnormalities, which have been consistently reported in MDD in response to facial expressions of negative emotion, represent a statedependent abnormality characteristic for MDD, or rather a trait characteristic. In addition, given the suggested role of noradrenaline in the regulation of this circuit, we were particularly interested whether a functional genetic variant of the a 2C -AR, which was shown to affect noradrenaline function in humans and leads to increased and sustained noradrenaline release (Neumeister et al, 2005) modulates neural responses to emotionally salient information in MDD and healthy control subjects.
Our results provide evidence that a distinct pathway including the amygdala, the anterior cingulate gyrus, and the left ventral striatum is involved in the neural processing of emotional facial expressions in MDD. We found increased activation in response to sad faces in the amygdala, and a blunted response to sad faces in the left ventral striatum in remitted, unmedicated MDD patients relative to healthy control subjects. These findings of amygdala hyperresponsivity to sad faces agree with Figure 1 Regional cerebral blood flow (rCBF) values of individuals with remitted major depressive disorder (rMDD) and healthy control subjects. rCBF measurements were normalized to the whole brain measure (rCBF/ gCBF). Data show between-group differences in neural responses to sad facial expressions in the amygdala and the left ventral striatum (VS). Values are presented as means7SEM. * indicates po0.05 (two-tailed, unpaired t-test after Bonferroni correction). a 2C -Adrenoreceptor gene polymorphism and depression A Neumeister et al previous functional imaging studies in MDD patients studied during a spontaneous episode of MDD (Fu et al, 2004; Lawrence et al, 2004; Drevets et al, 2001) . In contrast, the findings in the left ventral striatum in remitted MDD cases are opposite in direction to those reported in currently depressed MDD subjects by Fu et al (2004) . Taken together with the results of previous studies of symptomatically depressed subjects with MDD, our results in rMDD cases address the question of whether abnormal neural responses during exposure to emotional salient information in MDD are related to current mood states or instead reflect an underlying trait abnormality in responsiveness to emotionally salient stimuli characteristic for MDD. These collective findings suggest that amygdala hyperresponsivity to sad faces may constitute a trait abnormality in a subgroup of patients with MDD, while the corresponding responses in the left ventral striatum are mood state dependent.
Notably, in the present study, the exaggerated hemodynamic responses to emotional face stimuli in corticolimbic striatal circuits between rMDD patients and healthy controls were found only in response to sad, but not other negative stimuli, for example, fearful faces, or in response to happy faces. This highlights another potentially important aspect of the altered processing of emotionally salient information in MDD, namely that they appear 'disordercongruent' with respect to showing specificity for sad faces. In contrast, the rMDD cases showed reduced blood flow in the amygdala during presentation of fearful faces vs happy faces. These data were compatible with previous reports that hemodynamic responses were decreased in the left amygdala to fearful faces vs neutral faces in depressed adults relative to healthy controls and to fearful faces vs fixation point in depressed children relative to anxious and healthy controls (Thomas et al, 2001) . These data differ, however, from those of a previous report demonstrating increased amygdala activation in response to both fearful and happy faces relative to fixation point baseline among currently depressed MDD patients relative to controls (Sheline et al, 2001) . This divergence in the results across these studies may be accounted for differences in stimulus presentation, as Sheline et al displayed their emotional face stimuli for 40 ms and then 'masked' them with a neutral face (so that subjects denied conscious awareness of having seen an emotional face), while the studies finding blunted amygdala responses to fearful faces displayed the emotional faces explicitly (ie for stimulus durations between 200 and 1000 ms) so that subjects were consciously aware of having viewed the emotionally expressive faces (see Patients and methods, and Thomas et al, 2001; Drevets et al, 2001) . Previous research has shown that amygdala activation is not contingent upon explicit processing of facial expression (Morris et al, 1996; Whalen et al, 1998) . Therefore, our study argues against unspecific hyper-responsiveness of the circuit in remitted MDD in response to negative facial expressions per se, but instead highlights the importance of disorder-congruent (ie sad) stimuli to elicit hyperresponsiveness of the circuit. We conclude that exaggerated responsiveness to or processing of sad faces is a trait characteristic for MDD. In addition, blunted amygdala activation in response to fearful faces in MDD patients also may constitute such a trait abnormality, but this finding may extend only to designs in which the face stimuli are presented above the level of conscious awareness and the hemodynamic responses to fearful faces are contrasted to those obtained when viewing happy faces.
Our results show hyper-responsiveness of the amygdala and the anterior cingulate gyrus in MDD in response to facial expressions of sadness. The finding that hyperresponsiveness to sad faces is found only in a 2C Del322-325-AR MDD patients, but not in noncarriers implicates a genetically determined link between a 2C -AR function and the response of brain regions critical for emotional processing in MDD, unconstrained of symptomatology. Notably, healthy a 2C Del322-325-AR carriers also showed (Wong et al, 2000) . It also has been hypothesized, however, that chronically increased noradrenaline release into the synaptic cleft that exceeds the capacity of the neuron to return noradrenaline into presynaptic vesicles; however, there can be net neuronal loss of noradrenaline (Eisenhofer et al, 1996; Meredith et al, 1993) , which is considered a feature of chronic depression if untreated or unsuccessfully treated (Lambert et al, 2000) . We did not observe any between-group differences in performance (accuracy or reaction time) indicating that general attentional, perceptual, or cognitive phenomena did not contribute to the observed neuroimaging differences. Also, rMDD patients did not differ from healthy control subjects in behavioral assessments or electrophysiological measures. This highlights the strength of functional imaging using PET to directly link brain function with a phenotype related to a functional polymorphism of a gene critical for adaptive central and peripheral noradrenaline function (Rosin et al, 1996) . This study has limitations. First, recent work shows substantial divergence between certain a 2C haplotypes and a partitioning of the a 2C Del322-325 polymorphism into multiple haplotypes (Small et al, 2004) . In addition, it was shown that these haplotypes influence cellular expression of the a 2C -AR transcript and protein. Notably, the coding polymorphism a 2C Del322-325 is present in two of three low expressing haplotypes and European Americans have much less haplotype diversity than other racial groups, for example, African Americans or Asians. Our groups of rMDD patients and healthy controls included European Americans, as well as African Americans, Hispanics and Asians. We did not perform a haplotype analysis on these data given the relatively small sample size of each ethnic group. To date, the relevance of the reported haplotypes for the pathophysiology of MDD is unclear and needs to be addressed in future studies specifically addressing this question in racially more homogenous populations.
Second, we report data on the neural responses to emotional salient information in genetically stratified individuals with MDD and healthy control subjects, and aimed to provide a biochemical explanation related to genetically determined alterations in noradrenaline function. Ideally, we would prefer direct measurements by using PET imaging to study an endogenous competition model related to noradrenaline release and uptake. Suitable PET radioligands are not yet available for this work, however. In this context, this study is a logical starting point, which aims to ultimately lead to the studies directly determining noradrenaline transporters and receptors in MDD.
Our results suggest that a genetic variant of the a 2C -AR subtype confers a change in brain function playing a role in the pathogenesis of MDD. Whether this study and ongoing genetic analyses and imaging studies may suggest a pattern, which could predict the future course of MDD and could in the future help identify people at high risk for subsequent episodes vs people who may carry a lower risk remains to be determined.
